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Abstract 

Understanding the relation between the gas-phase structure of biological molecules and 

their solution-phase structure is important when attempting to use gas-phase techniques 

to address biologically relevant questions.  Directly after electrospray ionization, molecules 

can be kinetically trapped in a state that retains some “memory” of its conformation in 

solution and is separated from the lowest-energy gas-phase structure by barriers on the 

potential energy surface.  In order to identify and characterize kinetically trapped 

structures, we have explored the conformational space of triply protonated bradykinin in 

the gas phase by combining field-asymmetric ion mobility spectrometry (FAIMS) with cold 

ion spectroscopy.  We isolate three distinct conformational families and characterize them 

by recording their UV-photofragment spectra and vibrational spectra.  Annealing of the 

initial conformational distribution produced by electrospray reveals that one of the 

conformational families is kinetically trapped, while two others are stable, gas-phase 

structures.  We compare our results to previously published results obtained using drift-

tube ion mobility spectrometry (IMS) and propose a correspondence between the 

conformational families separated by FAIMS and those by IMS.  
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1 Introduction 

Mass spectrometry (MS), ion mobility spectrometry (IMS), and laser spectroscopy are 

all widely used to study biological molecules in the gas phase.1-8 In contrast to many 

solution-phase techniques, these gas-phase methods can be implemented in such a way 

that they don’t average over an ensemble of conformations, but allow investigation of each 

of the structures separately.  This could be especially valuable for systems that lack well-

defined structure, such as intrinsically disordered proteins or peptide oligomers,9-11 which 

tend to have several different conformations in solution with differing biological activity.  

Such molecules can adapt to their local environment and change their structure to perform 

a particular function.12 

Although gas-phase techniques are widely used to address biological questions, there 

is debate about the relation between the gas-phase structure of biological molecules and 

their solution-phase structure.13-22  While Jarrold suggested in the 90’s that mass-

spectrometry “may provide a quick and sensitive tool for probing the solution phase 

conformations of biological molecules”,23 the range of validity of this statement is still 

under discussion.  There are several types of evidence that some features of solution-phase 

conformation of a peptide or protein can be preserved when molecules are transferred to 

the gas phase via electrospray.  For one, collisional cross-sections (CCS) of ions sprayed 

from native conditions are often close to those calculated for the crystal structure.24-26  

Moreover, ions produced from denaturing and native conditions exhibit different 

properties, such as their charge state distribution, CCS, the degree of gas-phase H/D 

exchange, or their fragmentation patterns.21, 27-30  Finally, gas-phase biomolecular ions have 

been shown to undergo structural changes (i.e., unfolding and re-folding) while trapped in 

a mass-spectrometer31, 32 or upon collisional activation.33-35  This means that one can 

produce and preserve metastable species that are significantly different from the lowest 

energy gas-phase structures and are kinetically trapped, with barriers on the potential 

energy surface that inhibit them from isomerizing.  Using a cryogenic ion-mobility 

spectrometer, Silveira et al. have recently provided evidence of kinetic trapping of triply 

protonated substance P in the gas-phase on the time scale of milliseconds after de-

hydration.22, 36, 37  All these experiments imply that the molecules retain some “memory” of 

their state in solution and/or that during the ESI process.13  Determining whether solution-

phase structures can be trapped and studied in the gas phase is important for evaluating 

the relevance of powerful, conformer-specific gas-phase techniques for biological 

applications.  If significant structural elements can be preserved in the gas phase, one could 

Page 2 of 19Physical Chemistry Chemical Physics



 3

selectively investigate the structure and dynamics of pre-selected, biologically active 

conformations, which is extremely difficult to do in solution.  

Understanding when electrosprayed ions are kinetically trapped is also important for 

the use of gas-phase experiments as benchmarks for theoretical predictions of structure.  

Since theoretical methods rely on a global-minimum energy search for finding the most 

stable conformations, it may be difficult to find the structures that are produced in the gas 

phase if they are trapped in conformations that reflect solution conditions. 

While IMS is commonly used to test whether a system retains elements of solution-

phase structure, it provides only an average CCS of a conformational family.38  For 

sufficiently large ions such as ubiquitin, the difference between the CCS of folded and 

completely unfolded states can be significant.26  However, for smaller systems this 

difference decreases, and the corresponding peaks in the drift-time distribution are more 

difficult to resolve.39  Moreover, within each peak there can be a set of structures that have 

similar collisional cross sections.35, 40  In this case, spectroscopic tools can be used to 

further distinguish between different conformations and provide detailed, conformer-

specific information.18, 41-45  

We report here experiments in which we combine field-asymmetric ion-mobility 

spectrometry (FAIMS) and cold-ion spectroscopy to separate conformational families of 

triply protonated bradykinin (BK3+) (Scheme 1) and study their interconversion in the gas-

phase.  Bradykinin is commonly used as a benchmark system for gas-phase studies because 

of its conformational diversity and biological importance.  In solution it is known to be 

inherently disordered, while structural features are induced in the presence of model 

biological membranes,46-48 calcium49 or bradykinin B1 and B2 receptors.50 We present a 

detailed study of conformational distributions of BK3+ in the gas phase, both directly after 

the ESI process and after annealing them by collisional activation and subsequent cooling.  

We obtain UV-photofragment spectra and vibrational spectra for three distinct 

conformational families and show clear evidence that some of them are kinetically trapped.   

 

Scheme 1. Chemical structure of triply protonated bradykinin. The charge is carried by the side chains of the 

arginine residues and by the N-terminus. 
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2 Experimental approach 

We first generate gas-phase ions by electrospray, separate them into conformational 

families by FAIMS,51, 52 and then inject them into our cold-ion spectrometer where we 

perform spectroscopic studies at cryogenic temperatures.41  Separation of ions in FAIMS is 

based on the difference in their mobility at high and low electric fields.  A detailed 

description of the separation process can be found elsewhere.51, 53  Briefly, ions are dragged 

by a carrier gas between two electrodes.  An asymmetric waveform consisting of 

alternating periods of low and high voltage of opposite polarity is applied across these 

electrodes such that the time-averaged potential difference between them is zero.  Because 

the mobility of ions in high and low electric fields is typically different, the ions drift in a 

direction perpendicular to the electrodes.  To offset this drift a small compensation voltage 

(CV) is applied between the electrodes, and scanning this voltage produces a CV 

“spectrum”, as conformers of the same ion can have different ion transport properties.  In 

this study we use FAIMS of the “side-to-side” geometry (Thermo Scientific), which has 

higher transmission efficiency compared to flat-electrode FAIMS because of atmospheric 

ion focusing.54  Nitrogen is used as the carrier gas with a typical flow rate of 2 l/min, and 

the waveform amplitude (dispersion voltage) is set to 5000V.  The temperature of the 

electrodes is kept at 25°C. 

 Ions transmitted through the FAIMS stage are injected into a home-built cold-ion 

spectrometer.42  After passing through a metal capillary, they are focused by an ion funnel55 

operated at a pressure of 1.5 mbar.  When necessary, we can also use the funnel for in-

source ion activation by increasing the RF amplitude.  Excitation mainly occurs at the end 

of the funnel where the diameter of the electrodes is smallest.56  

After being extracted from the funnel, the ions are pre-stored in a room-temperature 

hexapole ion trap for 70 ms, mass-selected by a quadrupole mass-filter, and then guided 

into a cold (4 K) octopole ion trap, where they are cooled by collisions with helium.  A UV 

laser pulse promotes the trapped ions to the first electronically excited state, and since the 

excitation energy is above the dissociation threshold, some of the parent ions fragment.  All 

the ions are then ejected from the trap, mass-selected by a second quadrupole filter, and 

detected by a channeltron.  Detecting the number of ions in a specific fragmentation 

channel as a function of wavelength gives an electronic photofragment spectrum of the 

parent molecule.  As BK has a low photofragmentation yield, we add a CO2 laser pulse after 

UV excitation to enhance it.57  The electronic spectrum is then recorded as the difference 

between the fragment signals produced by the UV laser pulse combined with the CO2  pulse 
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and those from CO2 laser alone. The most abundant UV laser-induced fragment results 

from the loss of the phenylalanine side chain (i.e.,  via Cα – Cβ bond breakage), and we use 

this fragmentation channel for all measurements. 

To obtain conformer-selective IR spectra of the ions, we set the UV laser on a specific 

transition in the electronic spectrum and introduce an IR pulse from a tunable OPO 200 ns 

before the UV pulse.  This results in depletion of the photofragment signal that is recorded 

as a function of IR wavelength.44  

Bradykinin (RPPGFSPFR, acetate salt, 98%, Sigma Aldrich) was purchased and used 

without further purification.  Peptide solutions were prepared in a 49:49:2 mixture of 

water:methanol:acetic acid with a bradykinin concentration of 50µM.  In the 3+ 

protonation state, the extra protons are believed to reside on the two arginine side chains 

and on the N-terminus. 58 

3 Results and discussion 

Ion mobility studies of triply protonated bradykinin (BK3+) by Clemmer and coworkers 

reveal three primary conformational families in the gas-phase, which they call A, B and C, 

and several elongated structures that each represent less than 5% of the population.33 

Under normal conditions, the population distribution among the three main families was 

found to be 22:31:31 respectively.  Under conditions in which they anneal the conformer 

populations by collisional activation to a “quasi-equilibrium” (QE) distribution, this ratio 

changes to 1.8:16:80.  They obtain the same ratio if they first isolate a single conformation 

and then subject it to the annealing process.  In a separate publication they have also 

shown that the conformer distribution initially produced in the gas phase depends upon 

the solvent from which they are sprayed.19  

3.1 FAIMS separation of BK
3+

 

In this study we have separated the conformational families of BK3+ by means of 

FAIMS.  Figure 1(a) represents the CV distribution recorded by detecting all transmitted 

ions as a function of the compensation voltage.  The line shape of this spectrum clearly 

suggests the presence of at least three distinct conformational families.  While the features 

are not fully resolved, one can use photofragment spectroscopy to decompose the overall 

distribution into contributions from different conformational families.41  To do so, we first 

set the CV at fixed values (indicated by colored arrows in Fig. 1(a)), which only admits a 

Page 5 of 19 Physical Chemistry Chemical Physics



 6

subset of the parent ions into our cold ion trap.  We then record UV photofragment spectra 

of these pre-selected ions, shown in in Fig. 2 for CV values of -7 V, -9 V and -11 V.  

 

 

Figure 1. CV spectra of BK3+;  (a) detecting all transmitted ions of BK3+, arrows show the CV values used to 

record the spectra in Fig. 2; (b) CV spectra recorded via UV transitions unique for conformational families I, II 

and III (arrows in Fig. 2).  
 

The UV spectra taken at the highest and lowest CV values, shown in Figs. 2(a) and (b), 

have no clear features in common, and these can be attributed to two different 

conformational families, which we call I and II.  The lack of common spectral features 

indicates that these families are cleanly separated by FAIMS and that no isomerization 

between them occurs downstream of the separation step.  The spectrum of Fig. 2(c), which 

is taken at CV=-9V, contains peaks that belong to families I and II but also unique ones that 

we assign to a third conformational family (III).  To show more clearly the spectral features 

unique to family III, we subtract the spectra of families I and II with appropriate 

coefficients from the spectrum of Fig. 2(c).  This difference spectrum is displayed in Fig. 

2(d). 
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Figure 2. UV photofragmentation spectra of conformational families of BK+3: (a) conformational family I, CV is 

set to -11V, (b) conformational family II, CV set to -7V, (c) a mixture of conformational families I, II and III, CV 

set to -9V, (d) conformational family III obtained by subtracting spectra of families I and II from spectrum c, 

(e) mixture of all conformational families, no FAIMS selection.  Arrows show the UV transitions used to 

record conformer-selective CV spectra in Fig. 1b 

 

With these UV spectra in hand, we can then set the UV laser on a unique spectral 

feature for each conformational family (37321.6 cm-1 for family I, 37538.0 cm-1 for family II, 

and 37463.6 cm-1 for family III), shown with arrows in Fig.  2, and scan the CV.  This 

produces a CV distribution for each conformational family, shown in Fig. 1(b).  Note that 

every conformational family may still contain several conformers, which can lead to 

broadening of each separate CV distribution.  Moreover, collisional heating of the 

molecules during FAIMS separation also contributes to broadening of the peaks and 

produces shoulders on the CV-distributions of families II and III.  Nevertheless, this type of 

decomposition guides us in pre-selecting different conformational families and in 

understanding possible interconversion paths between them. 
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3.2 Spectroscopic evidence for kinetic trapping 

The UV photofragment spectrum of the mixture of conformers produced by ESI 

without the FAIMS separation stage is shown in Fig. 2(e).  This mixture should correspond 

to the same mixture of conformational families observed by Clemmer and coworkers using 

conventional ion mobility under same solution conditions.  In general, we cannot reliably 

extract the relative abundances of the conformational families from UV photofragment 

spectra, because the intensities of peaks are determined not only by the number of parent 

molecules, but also by the absorption cross-section and photofragmentation yield.  

However, since these parameters remain constant, we can interpret changes in relative 

intensities of the peaks as changes in number of ions adopting different conformations.  We 

can thus use these spectra to address the question of whether these families are kinetically 

trapped, high-energy structures or simply represent the most stable gas-phase structures.   

To answer this question we compared UV spectra of BK+3 with minimal and maximal 

degrees of collisional activation, using the RF amplitude of our ion funnel to control this.  It 

is possible to change this amplitude from 7V to 90V and still transmit ions into our ion trap, 

while at higher amplitudes most of the BK+3 ions fragment.  We thus select one 

conformational family at a time in FAIMS by fixing the CV on a given value, and then 

gradually increase the RF amplitude.  After collisional activation close to the funnel exit, the 

ions are thermalized at room temperature in the hexapole pre-trap for 70 ms.   The ions are 

subsequently mass selected and transmitted to the cold ion trap, where they are cooled 

before the UV photofragment spectrum is recorded. 

When conformational family I is selected (Fig. 3(a), CV=-11 V), we initially observe 

intense absorption bands at 37300-37350 cm-1, which disappear upon increasing 

collisional activation.  At the same time the bands corresponding to families II and III grow 

in, and at the highest level of activation the distribution of conformers consists exclusively 

of these two families.  This means that conformational family I is kinetically trapped, and 

its population in the gas-phase after annealing is negligible.  When we set the CV at -7 V to 

select family II and increase the degree of collisional activation (Fig. 3(b)), the spectra 

indicate that some of the molecules isomerize to conformer family III.  The spectrum at 

high collisional activation is practically identical to the one obtained at CV=-11 V, implying 

that we reach the same quasi-equilibrium gas-phase distribution independent of the 

starting conformation.  We do not observe the formation of family I, which lies higher in 

energy than families II and III in the gas phase.  Finally, when the CV is fixed at -9 V, the 
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distribution of conformers at an RF amplitude of 90 V is essentially the same as when 

families I and III were pre-selected, with no new conformations formed (Fig. 3(c)).  

 

 

 

Figure 3. Collisional activation of each conformational family of BK+3, preselected by FAIMS. The numbers on 

the right correspond to the amplitude of the RF voltage on the ion funnel in the source of the spectrometer. 

(a) Conformational family I converts to a mixture of II and III, (b) conformational family II converts partially 

to III, (c) the initially selected mixture of families I, II and III converts to the same distribution of stable gas-

phase conformers as in a and b 
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Directly after the ESI process all three conformational families are observed, while 

after annealing only families II and III are present.  Looking only at the distribution of 

conformations in the gas phase, it is not possible to determine which environment is 

responsible for stabilizing family I.  It may reflect the bulk solution-phase structure, but it 

could also reflect the specific environment of the electrosprayed droplets.  The spectrum of 

Fig. 3(c) shows that most of the population in conformational family III comes from 

collisional activation of other families in the gas phase: it is less present than family II even 

when the CV is set to the maximum of its CV distribution (-9 V), and upon collisional 

activation its relative intensity increases.  However family I is clearly the most important  if 

one is addressing biologically relevant questions about structure and function of the 

peptide in solution. 

The behavior of three peaks separated by FAIMS is similar to that of the three 

conformational families observed by Clemmer and coworkers using drift-tube IMS.33  

Shvartsburg et al. showed previously that there is some degree of correlation between 

these two separation techniques.59  We suggest that what we designate as conformational 

family I corresponds to what was identified as conformer A in the ion-mobility studies of 

Clemmer and coworkers.33  Their drift tube studies show this to be the most compact 

conformational family, which is confirmed by our spectroscopic studies presented below.  

The relative abundance of A in their quasi-equilibrium distribution is around 2% of the 

total number of ions,33 which is below the signal-to-noise ratio in our experiments, 

especially taking into account the quite broad UV photofragmentation spectrum of family I.  

3.3 Spectroscopic characterization of the conformational families.  

The advantage of combining cold-ion spectroscopy with ion mobility is that instead of 

obtaining a single number, the collisional cross section, with which to characterize a 

conformation, we can obtain a conformer-specific infrared spectrum, which provides a 

stringent test of calculated structures.  Even without calculations, such spectra can provide 

qualitative information on structural features.  Moreover, we can look in more detail at a 

conformational family separated by IMS or FAIMS and see how many different individual 

conformations they contain and identify the structural differences between them.  We used 

double resonance IR-UV spectroscopy to obtain IR spectra of each conformational family in 

the region of NH and OH stretches.  The IR spectra in this region provide information about 
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the strength of hydrogen bonds, which is enough to distinguish different geometries of the 

molecule.60, 61  

We measure conformer-specific IR spectra by first setting the UV laser on a particular 

peak in the spectrum and then scanning the frequency of an IR laser pulse that precedes it.  

When the IR frequency is resonant with a vibrational transition of the conformer that gives 

rise to the UV transition, it causes a dip or depletion in the UV-induced fragmentation 

signal.  Applying this procedure for all major transitions in the UV photofragment spectrum 

of conformational family II reveals that there are two distinguishable IR spectra, shown in 

Fig. 4, and thus two different conformers present, which we call α  β.  These two 

conformers combine to give rise to the UV spectrum of family II. 

 

 

Figure 4. Vibrational spectra of two major conformers of family II: α – UV laser is set on 37460.4 cm-1, β – on 

37538 cm-1. The spectra recorded on all the other major transitions in the UV photofragmentation spectra are 

same as α or β. 

We can also use the double-resonance nature of our technique to disentangle the UV 

spectra of these two conformers.  For each conformer we choose a strong band in the IR 

spectrum that does not appear in the spectrum of other conformer: 3551 cm-1 for 

conformer α and 3556.3 cm-1 for the conformer β. The IR laser is then fixed on this 

wavenumber and the UV laser is scanned.  All peaks in the UV photofragmentation 

spectrum that belong to the IR-labeled conformer will be depleted.  By subtracting the UV 

spectra without and with IR laser we get the UV spectrum of each separate conformer of 

family II, shown in Fig. 5. 
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Figure 5. Decomposition of the UV photofragmentation spectrum of family II into a sum of spectra of two 

conformers, α and β, using IR-UV depletion spectra. Details of the procedure are discussed in the text.  

These separate UV photofragment spectra provide some qualitative information about 

the structure of the conformers giving rise to them.  There are two phenylalanine 

chromophores in BK3+, in the fifth and eighth positions in the sequence, and interaction 

between them could cause exciton splitting of the lines.62  We do not observe it for either 

conformer of family II, suggesting that the side chains of phenylalanines are weakly 

interacting, either due to a large distance between them or their relative orientation.  This 

provides some guidance for structural searches in future quantum chemical calculations. 

Moreover, the band origin of conformer β is close to that of bare phenylalanine in the gas 

phase,63 which means that the chromophores are free from any strong interactions. The 

band origin of conformer α is significantly red-shifted compared to bare phenylalanine, 

suggesting a strong cation-π or hydrogen-bonding interaction.  Although they belong to the 

same conformational family, the structures of conformers α and β might be significantly 

different. The relative intensity of conformer α grows with respect to that of conformer β 

upon annealing (see Fig. 3(b)), which suggests that the former lies slightly lower in energy.  

This information could help when searching conformational space to identify the peptide 

structures of a given conformational family.  

The UV photofragmentation spectrum of the kinetically trapped conformational family 

I is shifted significantly toward lower frequencies, indicating a strong interaction between 

the chromophores and other parts of the molecule.  This is consistent with this structure 

being the most compact.33  The IR spectrum of the major conformer of this family, shown in 

Fig. 6, further supports this statement.  The NH stretch bands are red-shifted compared to 

those of family II, indicating a tighter net of hydrogen bonds.  The barrier holding this 
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metastable structure in place is likely to arise from the competition between this tight 

hydrogen bonding and the mutual coulomb repulsion between the three charged groups. 

Upon collisional activation the structure seems to open up, which is confirmed by the 

larger CCS measured by Clemmer et al.,33, 64 the shift of the UV photofragmentation 

spectrum towards free phenylalanine (Fig. 3(a)), and the blue shift of some of the NH 

stretch bands.  

 

Figure 6. (a) Vibrational spectrum of one of the conformers that belong to kinetically trapped conf. family I, 

recorded via setting UV laser on the strongest transition of family I, 37321.8 cm-1. (b) The spectra of family II 

are given for comparison.  

 

3.4 Considerations of collisional activation and cooling 

To put the conformer distributions that we measure into proper context, it is 

important to consider the collisional activation and cooling processes that we subject them 

to.  Ions are initially generated by electrospray at room temperature and pressure before 

being injected into our cold-ion spectrometer.  After passing through a metal capillary, they 

enter the RF ion funnel, where we can activate them (primarily near the exit) by an 

increase in RF amplitude.  After exiting the ion funnel, ions are collisionally cooled in two 

steps: first during a 70 ms pre-trapping period in a hexapole ion trap at room temperature, 

and subsequently in the cold ion trap, where the ions collide with cold helium at ~4 K.  The 

final distribution of conformers that we observe in the spectroscopic experiments depends 

not only on the initial distribution of conformations produced by electrospray and the level 
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of collisional activation in the ion funnel, but also on the rate of cooling.  If the ions are 

cooled significantly faster than the interconversion between different conformers, one 

obtains a “snapshot” of all the conformations present in the ion cloud before cooling.  In 

this case the spectroscopically observed distribution of conformers reflects the equilibrium 

distribution corresponding to the initial temperature of the ions.  If the cooling process is 

significantly slower than the isomerization, cooling can be considered as adiabatic process: 

equilibrium would be established at every given moment, and one would always find one 

conformer family, as the system would have enough time to interconvert to the lowest-

energy conformer.  This is obviously not the case in the present experiments, which means 

that both cooling in the hexapole pre-trap and in the cold octopole trap happen relatively 

fast.  However, the cooling rate in the hexapole should be lower than in IMS experiments 

due to the lower pressure: 7e-3 mbar compared to several mbar.  This can decrease the 

percentage of higher-energy (i.e., trapped) species in the measured distributions, since 

they correspond to lower effective temperatures.   

3.5 Considerations for benchmarking quantum chemical calculations 

The interplay between quantum chemistry calculations and measured vibrational 

spectra of gas-phase biological molecules is bi-directional.  On the one hand, the 

interpretation of measured spectra requires computed structures and spectra.  The normal 

procedure is to calculate the lowest energy structures and their vibrational spectra, and 

then compare them to experiment.  The experiments are used to select which of the 

computed structures is the “correct” one, and the calculations are used to interpret the 

vibrational spectra, particularly in cases where the measured spectra are not assigned.  On 

the other hand, spectroscopic signatures of peptides are frequently used to benchmark 

quantum chemical calculations.60, 61, 65-68  The comparison between calculated and 

measured IR spectra serve to evaluate the performance of new methods or functionals.  For 

this theory-experiment interplay to work, one needs to know whether measured IR spectra 

should be associated with the lowest-energy conformations for which the quantum 

chemical calculations typically search.  If the conformations measured in the gas phase do 

not correspond to the lowest in energy but are kinetically trapped metastable structures, 

conformational searches may never find them.  Moreover, if the accuracy of computational 

methods is judged by a comparison of the measured spectrum of a metastable species with 

the calculated spectrum for what is found to be the lowest energy structure, the 

benchmarking procedure may be completely misguided.  From the experimental side, it is 
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thus important to know when the species one measures may be kinetically trapped, so that 

computational procedures can be guided to look for higher energy structures.  From the 

computational side, methods need to be implemented to predict how solution phase 

structures might be trapped during transfer to the gas phase, so that the proper regions of 

conformational spaces are explored.   

Triply protonated bradykinin provides an example of how the interplay between 

experiment and theory could go wrong.  Figure 7 represents the UV photofragmentation 

spectrum of BK+3, which we originally obtained in our cold-ion spectrometer without any 

FAIMS pre-selection of conformational families.  This spectrum corresponds neither to the 

stable gas-phase structures exclusively nor to the distribution directly after the 

electrospray process – it is dominated by conformational family II. Quantum-chemical 

calculations may thus be misguided by these data.  In this case the experimentally observed 

distribution is practically missing conformational family III, which is formed upon 

annealing and thus likely to be the lowest-energy in the gas phase.  Comparing results of 

quantum-chemical calculations with the vibrational spectra of family II would explore only 

a part of all the relevant conformational space of BK+3 in the gas phase.  

 

Figure 7. UV photofragmentation spectrum of BK+3, obtained in conditions optimized for maximum of ion 

signal.  No FAIMS separation was applied.   

As spectroscopic techniques are pushed to increasingly larger peptides, one would like 

to measure spectroscopic signatures of kinetically trapped structures, as they may be the 

most relevant for understanding the function of peptides in solution.  Quantum chemical 

calculations should then be adapted to search for geometry of ions based not only on 

energy threshold but also on experimental values such as CCS and IR spectra.  Modeling of 

kinetically trapped conformations remains challenging, as they may lie relatively high in 

energy and are separated from stable gas-phase structures by potential barriers.  However, 

knowledge about their structure is essential to link gas-phase measurements with the 

structure of biological molecules in solution.   
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Detailed understanding of the cooling mechanism is also essential for molecular 

modeling.  Relative free energies of different conformers change with temperature,66 and 

measured conformer distributions should be assigned to a particular temperature in order 

for the comparison between theory and experiment to be correct. If the cooling process in 

the cold ion trap is assumed to be infinitely fast, the measured distribution reflects 

distribution of conformers at room temperature.     

4 Conclusions 

This study provides an overview of an ensemble of conformational families of BK3+ in 

the gas phase.  Previously published ion mobility studies allowed separation of 

conformational families and direct observation of their interconversion.33, 64  The double-

resonance spectroscopic scheme we employ allows further separation of conformational 

families into several conformers and facilitates their detailed characterization. We 

identified three conformational families separated by potential barriers, in agreement with 

previous ion mobility studies.33  This confirms that this intrinsically disordered peptide has 

several well-defined states that are close in energy and can interconvert rapidly.  While ion 

mobility provides a collisional cross section for each conformational family, we have 

obtained complimentary data such as electronic and vibrational spectra, which can be used 

as benchmark for quantum chemical calculations of the structures of gas phase BK3+.  

Knowing these structures with atomic precision would allow one to rationalize a vast 

amount of experimental data obtained for this peptide using different gas-phase 

techniques and compare them with solution-phase signatures of the conformational 

ensemble, bringing us closer to understanding the relation between solution-phase and 

gas-phase structures of biomolecules. 

From a biological perspective one is mostly interested in structures that retain some 

“memory” of solution-phase biologically active states of the peptide.  Qualitatively our data 

confirm that a kinetically trapped structure is compact, in agreement with the expectation 

that in solution BK also has a relatively compact globular structure as the charges on the 

side chains are screened by the solvent.  However, the biologically active form of BK is 

extended, has a well-defined S-shape with all Xaa-Pro peptide bonds in the trans 

conformation.69  Upon annealing in the gas phase the molecule also expands and might 

reach a conformation close to that in the presence of biological membranes.  However in 

the gas phase BK3+ does not convert to a single structure but to a distribution of 

conformers, because the cooling rate in our mass spectrometer is fast enough to obtain a 
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“snapshot” of the distribution of conformers corresponding to some effective temperature. 

Can this conformational distribution model the biologically active state of BK, as kinetically 

trapped structures are believed to mimic the state of BK in solution?  The spectroscopic 

signatures of different conformers presented in this study could help us answer this 

question, expand the use of gas-phase techniques in biological applications and establish 

limits for their applicability. 
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